ABSTRACT Imaging by nuclear magnetic resonance (NMR) techniques has been shown to provide high-contrast resolution between soft tissues and characterization of normal and pathologic tissues by differences in magnetic relaxation times. The current study was designed to determine whether electrocardiogram (ECG)-gated NMR imaging of the canine heart in vivo could distinguish normal from infarcted myocardium without the use of intravenous paramagnetic contrast agents. Seven dogs were studied by ECG-gated NMR imaging in vivo (spin-echo technique) with a 0.35 Tesla superconducting magnet at 2 to 7 days after ligation of the left anterior descending coronary artery. In six of the seven dogs, signal intensity was increased in the anterior wall compared with the remainder of the left ventricle; this region of high signal intensity corresponded to the area of myocardial infarction demonstrated at postmortem examination. The signal intensity of the infarcted region was 66 + 27% greater than that of normal myocardium (p < .01). The T2 (spin-spin) relaxation time was 69 + 3% longer in the infarcted myocardium as compared with normal myocardium (p < .01). The NMR images from the seventh dog had uniform signal intensity throughout the myocardium of the left ventricle. An infarct was not evident on postmortem examination in this dog. Thus gated NMR imaging in vivo by the spinecho technique displays acute myocardial infarctions as regions of high signal intensity without the use of contrast media. The infarct is characterized by a prolonged T2 relaxation time. Circulation 69, No. 1, 125-130, 1984. TOMOGRAPHIC IMAGING of the hydrogen nucleus by proton nuclear magnetic resonance (NMR) techniques offers potential advantages for imaging the cardiovascular system. The lumen of blood vessels and the cardiac chambers display essentially no NMR signal by the spin-echo imaging technique' because of the high velocity of the protons in blood. This allows a high degree of signal contrast between moving blood and the walls of blood vessels and cardiac chambers without the need for intravenous paramagnetic contrast media. NMR imaging also offers the potential for characterization of tissues and biological fluids by Tl and T2 relaxation times, spin (hydrogen) density, and possibly spin-diffusion constants. Many pathologic processes, including acute myocardial infarction, are associated with an increased regional water content. -' Previous NMR spectrometric studies of tissue samples in vitro have demonstrated prolonged Tl relaxation times in infarcted myocardium relative to normal myocardium.5 6 Although an early report of experiments with hearts ex situ suggested that acute myocardial infarctions could be discriminated from normal myocardium only in the presence of a paramagnetic contrast medium,8 more recent reports suggest that infarcts can be detected without contrast media.9 " Previous investigations with proton NMR imaging in our laboratory have also demonstrated prolonged TI and T2 relaxation times of acutely infarcted skeletal muscle in the rat (in vivo)7 and in excised canine hearts with acutely infarcted myocardium. " Both of these studies used the spin-echo imaging technique and found that the NMR signal intensity was perceptibly increased in the infarcted muscle as compared with normal muscle.
TOMOGRAPHIC IMAGING of the hydrogen nucleus by proton nuclear magnetic resonance (NMR) techniques offers potential advantages for imaging the cardiovascular system. The lumen of blood vessels and the cardiac chambers display essentially no NMR signal by the spin-echo imaging technique' because of the high velocity of the protons in blood. This allows a high degree of signal contrast between moving blood and the walls of blood vessels and cardiac chambers without the need for intravenous paramagnetic contrast media. NMR imaging also offers the potential for characterization of tissues and biological fluids by Tl and T2 relaxation times, spin (hydrogen) density, and possibly spin-diffusion constants. 4 Many pathologic processes, including acute myocardial infarction, are associated with an increased regional water content. -' Previous NMR spectrometric studies of tissue samples in vitro have demonstrated prolonged Tl relaxation times in infarcted myocardium relative to normal myocardium.5 6 Although an early report of experiments with hearts ex situ suggested that acute myocardial infarctions could be discriminated from normal myocardium only in the presence of a paramagnetic contrast medium,8 more recent reports suggest that infarcts can be detected without contrast media.9 " Previous investigations with proton NMR imaging in our laboratory have also demonstrated prolonged TI and T2 relaxation times of acutely infarcted skeletal muscle in the rat (in vivo)7 and in excised canine hearts with acutely infarcted myocardium. " Both of these studies used the spin-echo imaging technique and found that the NMR signal intensity was perceptibly increased in the infarcted muscle as compared with normal muscle.
The purposes of this study were to determine whether electrocardiogram (ECG)-gated proton NMR imaging could detect myocardial infarction without the use of paramagnetic contrast media and whether infarcted myocardium could be uniquely characterized from normal myocardium by T2 With the spin-echo technique, focal signal intensity of the NMR image is increased with shortening of TI relaxation time, lengthening of the T2 relaxation time, and increased proton (hydrogen) concentrations.
Data analysis. For each series of NMR images, spin-echo intensity values (in arbitrary units of magnitude in the frequency domain after Fourier transformation of the time domain data) were calculated for normal and infarcted myocardium by operator-defined regions of interest. Regions of interest consisted of more than 50 voxels for infarcted myocardium and more than 100 voxels for normal myocardium. Technically satisfactory first-echo images (TE = 28 msec) and second-echo images (TE = 56 msec) were both obtained in four of the seven dogs. In these four dogs, T2 relaxation times were calculated by computer from the values for NMR signal intensity of each voxel in the same region of interest of the two spin-echo images.3 In the other three dogs, only satisfactory first-echo images (TE = 28 msec) were obtatined. Thus T2 could not be calculated in these 126 three animals. The T 1 relaxation times could not be calculated in this study because this requires intensity data obtained at two different TR values with our spin-echo imaging technique. With gating the TR is defined by the RR intervals. In the current study only images gated to every heart beat were obtained.
The following formula was used to calculate the percent difference in spin-echo signal intensity (I) and T2 relaxation times between infarcted and normal myocardium: percent difference l(or T2) = 2) and heterogenous in four (figure 4). A "rim" of greater signal intensity was noted in the suibendocardial region of the anterior segment of the left ventricle (figures 4 and 5).
In concordance with postmortem findings, the infarcts extended from the middle of the left ventricle to the apex (figure 4). At the apex the infarct involved most of the circumference of the left ventricle.
The effect of difierent spin-echo delays (TE) on the regional signal intensity of the infarct on the NMR image is shown in figure 5 . There was an increase in contrast between infarcted and normal myocardium on images procduced from the second echo (TE -56 msec); the difference in signal intensity of the infarct compared with normnal myocardium was even greater with this imaging parameter. 
Discussion
The current study shows that proton NMR imaging (spin-echo technique) in living dogs detects infarcted myocardium as clearly defined regions of increased signal intensity compared with normal myocardium. FIGURES. Fiist-eciho (t10) lef)t, second i-echo l(ffit). and calculated T2 (uppu; arti-) oated imiiages of mivocardial tissuie froim the samiie cloe is 1t houre 4 (dIoo-, 7). ilIlstatinitl the hiWher nal initensity at the site of. the infarction oni the secoindecho n111ia"l-eC (Idue to tlhC lo01J TX relaxation timlle (arorsw. The sLu endocal dial high-intensity im is clep'cteel in the caicLlated T2 imiage as hav in@ a lonseci TX relative to hoth the remainder of. infarct and normial msCoatridillull Electrocardiographic gating provides diagnostic quality images of the beating heart; the normal and infarcted myocardium are sharply delineated from intracavitary blood and surrounding structures without the need for contrast media. Regions of high spin-echo signal intensity in infarcted myocardiunm result from prolonged T2 relaxation times and probably from increase in hydrogen (spin) density. The Tl myocardium time has also been shown to be different for normal and infarcted myocairdium in previous studles with tissue samples obtained from dogs with induced acute myocardial ischemia,-' from excised hearts,'l and from hearts in vivo during gated imaging.-I'" The use of only a single repetition rate (TR) in our study in vivo precluded the estimation of TI time.
An earlier study with spin-echo NMR imaging of the whole heart within the first houir after death also demonstrated increased signal intensity of infarcted rnyo cardiunm compared with normal myocardium. In each animal the T1 and T2 times of inlarcted myocardium were prolonged as compared with normal myocardium. There was a close linear relationship between T2 relaxation time and percent water content of the myoVol. 69, No. 1, January 1984 The prolonged T2 relaxation time in infarcted myocardium is probably related to an increase in the "free" or "unbound" fraction of water protons in the edematous tissue.4 Water content is increased in myocardial infarcts.f`1 Increasing the percentage of fasttumbling, "free" protons (not bound to macromolecules) with shorter molecular correlation times makes both TI and T2 relaxation less efficient, resulting in prolonged TI and T2 times. 4 This inefficiency results from the very-rapidly changing magnetic fields created by the tumbling proton magnetic dipoles. Only a small frequency component of these varying magnetic fields is effective in promoting T I relaxation of adjacent water protons. Very little local magnetic field inhomogeneity results from the very-rapidly changing proton magnetic dipoles, causing spin-phase coherence to last longer. Thus TI and T2 would be expected to be prolonged in edematous myocardium. Normal myocardium, with a higher percentage of macromolecularbound water, probably has more efficient TI and T2 relaxation because of the slower velocity of the tumbling proton dipoles and their associated magnetic fields.
In conclusion, the results of this study in vivo with gated proton NMR imaging demonstrated greater signal intensity of infarcted myocardium compared with normal myocardium, and good discrimination of infarcted from normal myocardium was possible without the need for paramagnetic contrast media. The infarcted tissue could be differentially characterized from normal myocardium by its T2 relaxation time.
